The thermo-physical properties enhancement of nanolubricants can improve the heat transfer performance in refrigeration system. In this study, thermo-physical properties of Al 2 O 3 -SiO 2 /PAG nanolubricants were investigated at 30-80°C temperatures for different nanoparticle ratios. Al 2 O 3 and SiO 2 nanoparticles were dispersed in the polyalkylene glycol (PAG 46) lubricant using the two-step method of preparation. Thermal conductivity and dynamic viscosity of the nanolubricants were measured by using KD2 Pro thermal properties analyser and LVDV-III Rheometer, respectively. All the hybrid nanolubricants are witnessed to behave as Newtonian fluids. A maximum thermal conductivity enhancement of 2.41% occurred at the temperature of 80°C. Meanwhile for dynamic viscosity, the highest percentage increment was found up to 9.34% at 70°C temperature. Increments in both properties were recorded for 50:50 nanoparticle ratio. The property enhancement ratio (PER) evaluation was suggested 60:40 as the optimum nanoparticle ratio with the lowest PER in comparison with other nanoparticle ratios at all temperatures by considering of both properties. Finally, new correlations have been proposed based on the experimental data to predict the thermophysical properties of Al 2 O 3 -SiO 2 /PAG nanolubricants. As a conclusion, Al 2 O 3 -SiO 2 /PAG nanolubricants with nanoparticle ratio of 60:40 and volume concentrations of less than 0.1% are highly recommended for application in refrigeration system.
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Introduction
Heat transfer fluids such as automatic transmission fluids, coolants, engine oils, lubricants, refrigerants, and other synthetic high-temperature heat transfer fluids are used in various applications especially in automotive, building, and industrial thermal systems [1] . One of the functions of these fluids is to absorb and transfer heat from hot to cold sides. However, these fluids exhibit poor heat transfer properties. Thermo-physical properties of liquids play an importance role in building cooling systems as well as heating and cooling applications in the industrial processes and improvement in the performance of refrigeration system [2] . Heat transfer performance of thermal system depends on the thermal conductivity of the working fluid. In general, the higher the thermal conductivity value, the better the thermal performance of the thermal system. Therefore, researchers have tried to improve the poor heat transfer properties of these fluids by adding solid nanoparticles [3] [4] [5] [6] [7] [8] . Suspension of nanoparticles in base fluid is known as nanofluids. From various studies, it is found that nanofluids have better thermal properties than the base fluids [9] [10] [11] [12] [13] [14] . The thermal conductivity of nanofluids was increased significantly as compared to the base fluids [15] [16] [17] [18] . In another paper, some studies estimated the properties of nanofluids by using artificial neural network [19] [20] [21] . The nanofluids were used in various systems for heating and cooling application [22] [23] [24] [25] [26] . Investigation on modified heat transfer fluid has been proved its necessity for use in the refrigeration and airconditioning systems; boiler and condenser; lubrication, transportation systems, bioengineering, therapeutic and electronic devices [27] . To the date, a novel lubricant has been presented by comprising nanoparticles as additives in the lubricant, known as nanolubricants targeted primarily for the refrigeration system lately [28] . However, studies on nanolubricants are limited in the literature [29] [30] [31] . The viscosity and thermal conductivity of Al 2 O 3 and ZnO nanoparticles in polyolester lubricant were increased with nanoparticles mass fraction and decreased by temperature [32] . In another paper, the viscosity of Al 2 O 3 /RL68H nanolubricants was influenced by the surfactant mass fraction [33] . Beside, viscosity and density of CuO/RL68H were identified to increase by nanoparticle mass fraction as stated by Kedzierski [34] .
Researchers are considering the use of nanoparticles in refrigeration systems due to the improvement in thermophysical properties and consequently enhancement in heat transfer performance [35] . The dispersion of nanoparticles in a lubricant for mixing with refrigerant in the refrigeration system is a new concept and requires further investigation. The improvement in thermal conductivity of refrigerant-based nanolubricants will be useful to the automotive sector especially in the automobile air-conditioning system. Thus, the studies on heat transfer characteristics of nanolubricants are essential to investigate its efficiency and reliability in refrigeration and air conditioning systems [35] . In addition, the utilization of nanolubricant in refrigeration systems decreased the amount of energy for system operation thus reducing energy consumption, emission, global warming potential and greenhouse gas effects [31] .
In the recent works, researchers initiated further exploration on using hybrid nanofluids [36] [37] [38] . The hybrid nanofluids are formulated by dispersing two or more different nanoparticles in the base fluids [1, 28, 39, 40] and are proven to improve the thermo-physical properties of single nanofluids. Sarkar et al. [40] reported a significant enhancement of effective thermal conductivity and subsequently observed heat transfer augmentation for hybrid nanofluids. A few studies on the thermo-physical properties of hybrid nanolubricants have been reported. Asadi and Asadi [9] studied MWCNT-MgO dispersed in engine oil for volume concentrations of 0.25-2.0%. Afrand et al. [41] investigated the influence of temperature and solid volume fractions on viscosity of SiO 2 -MWCNTs in engine oil as a coolant and lubricant in heat engines. Meanwhile, Esfe et al. [42] examined the rheological behaviour of MWCNT-ZnO in engine oil. The effects of suspended hybrid nanoadditives on the rheological behaviour of engine oil and pumping power of Al 2 O 3 -MWCNT in engine oil were investigated by Dardan et al. [43] . However, for the case of hybrid nanolubricants, only a few researchers studied the thermo-physical properties, and they were mainly focusing on engine oil [9, 10, [41] [42] [43] .
Fewer efforts [28, 44] were undertaken to study the thermo-physical properties of hybrid nanolubricants specifically with polyalkylene glycol (PAG 46)-based nanolubricants for application in automotive air-conditioning system. The previous studies only investigated the thermo-physical properties of single Al 2 O 3 or single SiO 2 nanoparticles dispersed in the PAG-based lubricants. Limited reports for Al 2 O 3 -SiO 2 hybrid nanolubricants have been published to the date [28, 44] . A brief summary of the literature for the existing nanolubricants research findings and gaps with PAG lubricants are presented in Table 1 . Zawawi et al. [28] investigated the influence of thermal conductivity and viscosity of Al 2 O 3 -SiO 2 nanoparticles in PAG lubricants. In another paper, [44] studied the effect of different metal oxide hybrid nanolubricants on their thermo-physical properties performance. They suggested Al 2 O 3 -SiO 2 nanolubricants for applications in refrigeration systems with the highest enhancement in thermal conductivity [28, 44] .
Investigation of hybrid nanolubricants in PAG lubricants for different nanoparticles ratios and its effect on thermal conductivity and viscosity have not been reported in the literature. A few studies were undertaken in the literature and mainly investigated for a constant nanoparticles mixture ratio. Investigation of hybrid nanolubricants dispersed in engine oil with 20:80 nanoparticles ratio was reported by Asadi et al. [9] and Esfe et al. [11] . Thus, in the present study, thermal conductivity and viscosity of the 
Methodology
Materials and preparation of hybrid nanolubricants
Two types of Al 2 O 3 and SiO 2 nanoparticles in dry powder form were used in the preparation of Al 2 O 3 -SiO 2 /PAG nanolubricants. The properties of the nanoparticles are given in Table 2 . Meanwhile, Table 3 provides the PAG 46 lubricant properties at atmospheric pressure condition. The two-step method was used in the preparation of 0.1% volume concentration of Al 2 O 3 -SiO 2 /PAG nanolubricants. The preparation of nanolubricants by using the two-step method was considered by few researches [11, 29, 45] Thermal conductivity/Wm 
Stability of hybrid nanolubricants
The ultrasonic bath was utilized during preparation of hybrid nanolubricants. The purpose of the sonication step is to reduce the agglomeration size of nanoparticles, increase the stability of hybrid nanolubricants and consequently improve the properties measurements. Firstly, the stability evaluation of the hybrid nanolubricants was examined with UV-Vis spectrophotometer. The UV-Vis was used to determine the peak absorption wavelength and absorbance value of the sample. Colloidal stability of the hybrid nanolubricants was then measured by varying the sonication time of the sample up to 2 h. The dispersion stability of the hybrid nanolubricants was visually observed for up to 30 days. Finally, the stability of Al 2 O 3 -SiO 2 /PAG nanolubricants was confirmed by using the zeta potential meter from Malvern Instruments.
Thermal conductivity measurement
The KD2 Pro thermal property analyser as shown in Fig. 1 was used to measure the thermal conductivity of the hybrid nanolubricants. Few researchers were used the same instrument to measure the thermal conductivity [47] [48] [49] . Single-needle sensor in the range of 0.002-2.00 W m -1 K -1 used in the measurement was verified with the glycerine verification standard sample provided by the manufacturer. The glycerine thermal conductivity was measured with the KD2 Pro and displayed as 0.286 W m -1 K -1 , with ± 0.35% accuracy for measurement at room temperature of 25°C. Thus, the experimental data agreed well with the provided calibrated data given as 0.285 W m -1 K -1 . A water bath was used to regulate the sample at a specific temperature and shown in Fig. 1 . The thermal conductivity for various nanoparticle mixture ratios of Al 2 O 3 -SiO 2 /PAG nanolubricants at 0.1% volume concentration was measured for the temperature range of 30-80°C. An average value from five measurements was considered in the evaluation of thermal conductivity with different nanoparticle mixture ratios.
Dynamic viscosity measurement
LVDV-III (low-viscosity digital viscometer) Ultra Programmable Rheometer as shown in Fig. 2 was used in the measurement of dynamic viscosity. The measurement was performed for the temperature of 30-80°C with different nanoparticle mixture ratios and 0.1% volume concentration. Data measurement was carried out within the range of 1.0-65 mPa s and torque of 10-100%. For reliable data collection, dynamic viscosity measurement was repeated three times for each designated ratio and temperature. The average value from the three sets of data was later attained for further analysis.
Results and discussion
Stability of Al 2 O 3 -SiO 2 /PAG hybrid nanolubricants
The Al 2 O 3 and SiO 2 nanoparticles were characterized by field emission scanning electron microscopy (FESEM) in Fig. 3a , b and transmission electron microscopy (TEM) imaging techniques in Fig. 3c . The FESEM image for magnification of 9230,000 confirmed the Al 2 O 3 nanoparticles average size of 13 nm with spherical shape and shown in Fig. 3a , while Fig. 3b illustrates the FESEM image of SiO 2 nanoparticles for 9190,000 magnifications. It was observed that the SiO 2 nanoparticles have an average size of 30 nm and are also spherical in shape. Transmission electron microscopy (TEM) imaging technique was done to confirm the nanoparticles size, dispersion and agglomeration of the two nanoparticles suspended in PAG lubricant. Hence, Fig. 3c displays the TEM image with magnification of 988,000 for Al 2 O 3 -SiO 2 /PAG nanolubricants. The two nanoparticles in Fig. 3a , b possess similar characteristics in physical appearance, colour and shape; however, they differ in size. Therefore, it is impossible to distinguish both nanoparticles clearly by referring to their physical appearance. Thus, by observing at the size of the particle in the TEM image, it was clearly seen that there are two groups of sizes in the image in Fig. 3c . The smaller size of particles represents the Al 2 O 3 nanoparticles, while the larger size of particles indicates the SiO 2 nanoparticles. UV-Vis spectrophotometer was used to measure the peak absorbance of 0.1% volume concentration of the Al 2 O 3 -SiO 2 /PAG nanolubricants within the wavelength of 200-1800 nm. The results revealed that the peak absorbance occurred at wavelengths of less than 450 nm. Therefore, the study only concentrated on the range of wavelengths of up to 450 nm. The absorbance values for 0.1% volume concentration of the Al 2 O 3 -SiO 2 /PAG nanolubricants with 50:50 ratio is shown plotted in Fig. 4 for wavelengths of 200-450 nm. From the graph, the highest absorbance occurs at the peak wavelength of 315 nm. Subsequently, the absorbance ratio for five different sonication times with 0.1% volume concentration is observed for 30 days at 315 nm wavelength. Figure 5 shows the absorbance ratio against sedimentation time for different sonication times of 0-2.0 h at a constant wavelength of 315 nm. Absorbance ratio represents the ratio of the final absorbance towards the initial absorbance of the solution for a specific sedimentation time. The highest absorbance ratio represents the optimum sonication time with the most stable nanolubricants. From  Fig. 5 , the lowest absorbance ratio of less than 40% or 0.4 was observed for hybrid nanolubricants at 0 h sonication time. Mahbubul et al. [50] explained that the nanoparticles are unable to disperse homogeneously without the sonication process. Therefore, the sonication process will be able to break the nanoparticle clusters or aggregates to a smaller size. They revealed that smaller nanoparticle clusters and better stability were produced at longer sonication times. Asadi et al. [51] also agreed that the increase in sonication time leads to better stability. According to Fig. 5 , 2 h of sonication can maintain the absorbance ratio above 90% or 0.9 for more than the 30 days of observation. However, the ratio for the other samples dropped to less than 90% with respect to sedimentation time. Therefore, minimum sedimentation occurs for 2 h of sonication time in comparison with the other four samples. Hence, the optimum sonication time is found at 2 h. Consequently, the preparation of the Al 2 O 3 -SiO 2 /PAG nanolubricants at different nanoparticle mixture ratios went through 2 h of sonication for further stability evaluation and properties measurements. The dispersion stability of the hybrid nanolubricants at different nanoparticle mixture ratios was observed visually for up to 30 days after preparation. It was observed that no sedimentations occurred in the samples as shown in Fig. 6 . It should be noted that all samples were prepared without addition of surfactant. Stability of Al 2 O 3 -SiO 2 /PAG nanolubricants is significantly affected by its electrokinetic properties. The reduction in coagulation probability is due to the strong repulsive forces generated by high surface charge density [52] . High absolute value of zeta potential according to the stabilization theory specifies that the electrostatic repulsive forces between nanoparticles are considerably high and thus represent a stable suspension [53] . The present zeta potential absolute reading for 0.1% volume concentration of the Al 2 O 3 -SiO 2 /PAG nanolubricants is found to be up to 61.1 mV. The present results were compared to the stability classification as suggested by Lee et al. [54] as shown in Fig. 7 . It was observed that the current readings were beyond the stable limit hence confirmed an excellent stability condition. Therefore, from the zeta potential evaluation and other stability observation, the Al 2 O 3 -SiO 2 /PAG nanolubricants were confirmed to be stable and further thermo-physical measurements were undertaken. Fig. 8 . The thermal conductivity of hybrid nanolubricants decreases along with temperature increment according to Fig. 8a . Thermal conductivities measurements of Al 2 O 3 -SiO 2 /PAG nanolubricants for different nanoparticle mixture ratios are relatively higher compared to the PAG-based fluid. When heated, liquid molecules move apart from each other, increasing their mean path [55] . This behaviour helps in decreasing the molecule collision probability and eventually decreases its thermal conductivity. According to Agarwal et al. [56] , the thermal conductivity can be effectively increased by dispersing smaller particles in a base fluid due to increment of surface-to-volume ratio of particles. The data given by Booser [57] was used to validate the present measurement data and is represented by a solid straight line in Fig. 8a . Sharif et al. [55] investigated the thermal conductivity of Al 2 O 3 in the PAG lubricant. They found that addition of Al 2 O 3 nanoparticles in PAG lubricant contributed to thermal conductivity increment. On the other hand, adding SiO 2 nanoparticles into the PAG lubricant also leads to increment of thermal conductivity [58] . The highest achievable enhancement ratio of hybrid nanolubricants is 1.024 or 2.414% for Al 2 O 3 -SiO 2 /PAG hybrid nanolubricants of 50:50 ratios at 80°C in comparison with pure PAG for the same temperature as shown in Fig. 8b . The enhancement of thermal conductivity was observed for all nanoparticle mixture ratios of Al 2 O 3 -SiO 2 / PAG nanolubricants and presented in Table 4 . The highest enhancement is observed for Al 2 O 3 -SiO 2 /PAG nanolubricants of the 50:50 nanoparticle ratio. Studies imply that the thermal conductivity enhancement is independent to the temperature for all samples. A similar observation was also made by Palabiyik et al. [59] . The thermal conductivity characteristics of nanolubricants followed the behaviour of their base fluids. The thermal conductivity plays a major role in the development of energy-efficient heat transfer equipment, i.e., refrigeration system. Restriction in improvement in cooling capabilities has greatly affected by low thermal conductivity of based fluids [60] . However, thermal conductivity of hybrid nanolubricants was significantly improved with the combination of Al 2 O 3 and SiO 2 nanoparticles compared to other combinations [1] . Presence of different nanoparticles in hybrid nanolubricants contributed greatly to thermal conductivity enhancement as different diameter sizes reducing the gaps and spaces between the particles leading to particle distribution in the lubricants. Besides, having large surface area has a great potential in heat transfer application.
Newtonian behaviour
A fluid is considered as Newtonian fluid when its viscosity remains constant with shear rate and when the relationship Pure PAG Booser [57] Thermal conductivity/WK -1 between shear rate and shear stress are linear [61] . Asadi and Asadi [9] have found that for 0.75% volume concentration of MWCNT-MgO/engine oil, hybrid nanolubricants show Newtonian behaviour at temperatures of 25-50°C. In another paper, Esfe et al. [10] observed that dispersing MWCNTs-SiO 2 in engine oil tends to change the behaviour flow of hybrid nanolubricants for Newtonian (up to 1.0%) and non-Newtonian (1.5% and 2.0%). Figure 9 depicts the variation of dynamic viscosity versus shear rate for the Al 2 O 3 -SiO 2 /PAG nanolubricants for 0.1% volume concentration and 30°C temperature. A slight increase in dynamic viscosity is observed with increasing shear rate; however, it was insignificant. Since the increase is very minimal, and hence the nanolubricants can be considered as a Newtonian fluid.
Dynamic viscosity of Al 2 O 3 -SiO 2 /PAG nanolubricants
The dynamic viscosity variation of Al 2 O 3 -SiO 2 /PAG nanolubricants at different temperatures of 30-80°C and 0.1% volume concentrations is shown in Fig. 10 . From  Fig. 10a , it is clearly observed that dynamic viscosity of hybrid nanolubricants decreases with temperature increments. Dynamic viscosity measurements of Al 2 O 3 -SiO 2 / PAG nanolubricants for different nanoparticle ratios are relatively higher compared to the PAG-based fluids. When the temperature increases, the inter-particle and intermolecular adhesion forces in the nanolubricants are weakened [62, 63] ; meanwhile, increased interactions between nanoparticles and engine oil molecules is observed with addition of nanoparticles and nanotubes in engine oil [41, 64, 65] . In addition, increasing volume concentrations can lead to viscosity increments due to restriction of oil layer movement and van der Waals forces between the molecules [41, 64, 65] . The present measurements data are validated with the RC Handbook of Lubrication and Tribology [57] and represented by a solid straight line in Fig. 10a . The highest relative viscosity of Al 2 O 3 -SiO 2 /PAG nanolubricants is 1.093 for the 50:50 nanoparticle ratio and 70°C temperature as shown in Fig. 10b . Relative viscosity increments are also observed for all nanoparticle mixture ratios of Al 2 O 3 -SiO 2 /PAG nanolubricants and presented in Table 5 . The highest enhancement is found up to 9.34% for Al 2 O 3 /SiO 2 /PAG nanolubricants of the 50:50 nanoparticle ratio and temperature of 70°C. According to Redhwan et al. [66] , one of the major factors in the performance of refrigeration compressor system is the viscosity of the lubricant. Less work due to lower viscosity gives advantage to the compressor operation. Hence, it is recommended for the compressor to operate with hybrid nanolubricants compared to compressor operating with a single-component nanolubricant. Besides, the pumping power are related to the viscosity of lubricants [67] for laminar flow. Therefore, having lower viscosity with nanolubricants is required for better utilization.
Properties regression models
The regression equations for the estimation of thermal conductivity and dynamic viscosity of Al 2 O 3 -SiO 2 /PAG nanolubricants were developed by using the present experimental data. The equations were modelled with the consideration of three input parameters, namely nanoparticle mixture ratio (R), volume concentration (/), and temperature (T). Equations (2) and (3) are prepared for the estimation of thermal conductivity and dynamic viscosity, respectively. The experimental thermal conductivity of the Al 2 O 3 -SiO 2 /PAG nanolubricants were compared with the estimated values from Eq. (2) and presented in Fig. 11 . According to the figure, the correlation has an average deviation of 0.48% and standard deviation of 0.42%. Equation (2) Fig. 12 . According to the figure, the correlation has an average deviation of 2.05% and standard deviation of 1.10%. Equation (3) is prepared to estimate the viscosity of Al 2 O 3 -SiO 2 /PAG nanolubricants for different volume concentrations, nanoparticle particle ratio and wide range of temperatures. The equation is in good agreement within ± 5% maximum deviation as compared to the present experimental data. The equation is applicable for 0 u 0:1%, 0 R 1:0 and 30 T 80°C.
Property enhancement ratio, PER Figure 13 depicts the property enhancement ratio (PER) of viscosity to thermal conductivity for different nanoparticle mixture ratios of Al 2 O 3 -SiO 2 /PAG nanolubricants. PER was defined as enhancement ratio in the viscosity to the thermal conductivity compared to the base fluid [4, 68] . Hamid et al. [68] stated that the optimum condition for the thermal conductivity and dynamic viscosity properties can be determined by using PER. The PER is able to suggest the best condition (for instance nanoparticle ratio, R) to aid Experimental investigation on stability and thermo-physical properties of Al 2 O 3 -SiO 2 /PAG… 1251 heat transfer by considering both properties of thermal conductivity and dynamic viscosity. Prasher et al. [69] stated that the nanofluids are beneficial as coolants and facilitate the heat transfer improvement when the viscosity increment is less than four times the thermal conductivity enhancement, C l \4:0C k . According to Fig. 13 , the nanoparticle ratios of 40:60 (70 and 80°C) and 80:20 (40 and 80°C) are higher than 4.0. However, in another paper, Garg et al. [70] found that the nanofluids are better coolants compared to base fluid if the viscosity increment versus thermal conductivity enhancement is less than 5.0, C l \5:0C k . 
